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Adhesive interactions play important roles in coordinating T cell migration and activation, which are mediated by binding of integrins to RGD
motif found on extracellular matrix proteins. Disintegrins, isolated from snake venoms, contain the RGD sequence that confers selectivity to
integrin interaction. We have investigated the ability of three RGD-disintegrins, ligands of α5β1 and αvβ3, Flavoridin (Fl), Kistrin (Kr) and
Echistatin (Ech), in modulating the activation of human T lymphocyte. The disintegrins induced T cell proliferation and CD69 expression. This
activation parallels with actin cytoskeleton reorganization and tyrosine phosphorylation. Furthermore, the peptides induced focal adhesion kinase
(FAK) and phosphoinositide 3-kinase (PI3K) activation. Finally, RGD-disintegrins were capable of driving NF-κB nuclear translocation and c-Fos
expression, in a PI3K and ERK1/2 activities dependent manner. This report is the first to show that RGD-disintegrins interact with integrins on
human T lymphocyte surface, modulating cell proliferation and activation of specific pathways coupled to integrin receptor.
© 2006 Elsevier B.V. All rights reserved.Keywords: Disintegrin; Integrin signaling; Lymphocyte; Proliferation; Actin cytoskeleton; FAK; PI3K; NF-κB; c-Fos1. Introduction
Adhesion of cells to extracellular matrix (ECM) proteins has
been shown to provide the intrinsic signals needed to direct and
coordinate lymphocyte responses, triggering important cellular
functions such as cell cycle, differentiation, and gene expression
[1,2]. During recirculation, T lymphocytes move through
different microenvironments and interact with ECM proteins
via integrin receptors. These interactions provide intracellular
signals that can modulate T cell functional responses [1], being
critical for cell development, migration, and activation [3–5].
Integrin binding and signaling are also required to stabilize the
interaction between T cells and antigen-presenting cells to form⁎ Corresponding author. Tel.: +55 21 2587 6398; fax: +55 21 2587 6808.
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doi:10.1016/j.bbamcr.2006.09.026immunological synapse [6,7]. Although a considerable progress
has been made to define the structure and functions of integrins
and the nature of signals generated following integrin activa-
tion, the way used by T cells to integrate these complex
signaling is not fully understood, specially the role of ECM-
binding integrins, as α5β1 and αvβ3, in those processes.
Cell adhesion to ECM is primarily mediated by binding of the
cell surface integrin receptors to RGD motif found on ECM
proteins [8]. This peptide motif acts as a trigger sequence for
integrin activation and adhesion [8,9]. Integrins are involved in
both, the inside-out signaling transduction pathway resulting in
a change of affinity for their ligands, and the outside-in signaling
pathway that leads to gene activation, cellular differentiation,
and proliferation [10]. Integrins transduce signals by associating
with adapter proteins that connect the integrin to the cyto-
skeleton, cytoplasmic kinases, and transmembrane growth
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involving focal adhesion kinase (FAK) and Src-family kinases
[10]. These interactions link FAK to signaling pathways that
activate phosphoinositide 3-kinase (PI3K) and mitogen-acti-
vated protein kinase (MAPK) cascades [10–12].
Activation of T lymphocytes by antigen, mitogen, growth
factor, and cytokine stimulation involves a complex sequence of
gene activation steps resulting in progression in the cell cycle,
apoptosis or differentiation [13]. Interleukin-2 (IL-2) gene
expression, a common signal of productive T cell activation,
requires the coordinate action of multiple transcription factors,
including nuclear factor κB (NF-κB) and the inducible activator
protein-1 (AP-1) transcription factor. NF-κB proteins are
present in the cytoplasm in association with inhibitory proteins
(IkB) [14,15]. After activation by a large number of inducers,
the IkB proteins become phosphorylated, ubiquitylated and,
subsequently, degraded by the proteasome. The degradation of
IkB allows NF-κB proteins to translocate to the nucleus and
bind their cognate DNA binding sites to regulate the
transcription of a large number of genes, including cytokines,
chemokines, stress-response proteins, and anti-apoptotic pro-
teins [14,15]. AP-1 constitutes a family of transcription factors
composed of members of the proto-oncogenes Fos (c-Fos, Fra1,
Fra2, FosB) and Jun (c-Jun, JunB, JunD) in homodimeric or
hetorodimeric association [16]. AP-1 has been implicated in
transcriptional activation of a number of genes involved in
growth control [16].
A significant development in the study of integrin–ligand
interactions was the discovery, originally in snake venoms, of
disintegrins. Disintegrins are low molecular-weight, disulfide-
rich, classically RGD-containing proteins and are known to bind
and to interact with integrin receptors on cell surface [17]. These
peptides have been found to be potent inhibitors of RGD-
dependent integrin interactions and have been utilized to study
RGD-dependent adhesion phenomena [17]. Despite their
similarities, each disintegrin has a unique RGD-containing
loop and distinct biological activities [17,19]. Initially con-
sidered merely integrin antagonists, disintegrins have shown to
interact with and activate integrin-signaling pathways. Contor-
trostatin, a homodimeric RGD-disintegrin, induces the activa-
tion of FAK and CAS in tumor cells [20].We have described that
two monomeric RGD-disintegrins, jarastatin and kistrin, and a
heterodimeric MLD-disintegrin, EC3, activate integrin-coupled
signaling pathways in human neutrophils interfering with cell
chemotaxis [21–23]. Additionally, it was demonstrated that
alternagin-C, an ECD-disintegrin, modulates cell migration,
adhesion, and proliferation through integrin-induced signals
[24,25].
The present study shows that three monomeric RGD-
disintegrins ligands of α5β1 integrin (Flavoridin, and Echistatin)
and αvβ3 (Echistatin and Kistrin) [17–19,23] activate human
lymphocyte, triggering integrin-coupled signaling and inducing
T cell proliferation. The integrin signaling mediated by RGD-
disintegrins involves alterations in actin cytoskeleton dynamics,
FAK phosphorylation and PI-3 kinase and MAP kinase
activation that may be related to NF-κB pathway and c-Fos
activation.2. Materials and methods
2.1. Disintegrins
Flavoridin (Fl; Lot 44H4074), isolated from Trimeresurus flavoridis venom,
and kistrin (Kr; Lot 44H4073), isolated from Agkistrondon rhodostome venom,
were purchased from Sigma Chemical Co. (St. Louis, MO). Echistatin (Ech) was
purified from Echis carinatus venom, as described previously [26]. All
disintegrins were diluted in sterile distilled water and stored at −20 °C until use.
2.2. Isolation of human T lymphocytes
Human T lymphocytes were isolated from 0.5% (w/v) EDTA-treated
peripheral venous blood of healthy volunteers, with previous agreement, using a
Ficoll (Amersham Bioscienses, Buckinghamshire, UK) gradient. The monocyte
population was depleted via plastic adherence after 30-min incubation in tissue
culture grade Petri dishes in a humidified, 37 °C, 5% CO2 incubator [5]. In
isolated cells, >85% were positive for CD3, as assessed by flow cytometry.
Isolated T lymphocytes, determined to be >96% viable by trypan blue
exclusion, were resuspended in RPMI 1640 medium (Sigma).
2.3. Proliferation assay
Human T lymphocytes (2×105 cells/well) plated in 96-well tissue culture
plates were maintained in RPMI supplemented with 10% FBS, 2 mM L-
glutamine, 200 μM pyruvate and 0.5 μM β-mercaptoethanol (Sigma). Cells
were incubated with Fl (1 μM), Kr (1 μM) or Ech (1 μM) in the absence or in the
presence of Con A (2 μg/ml), in triplicate, for 96 h in a 5% CO2, humidified
incubator at 37 °C. During the last 12 h of the assay the cultures were pulsed
with [3H]-thymidine (3HTd; 1 μCi/well, 67 Ci/mmol; Amersham Biosciences)
and samples were harvested using a Cell Harvester (Inotech Biosystems,
Rockville, MD). T lymphocyte proliferation was measured by incorporated
3HTd, as determined by liquid scintillation counting (Beckman Instruments,
Fullerton, CA).
2.4. Flow cytometry analysis
Human T lymphocytes (106 cells/well) were incubated with Fl (1 μM), Kr
(1 μM) or Ech (1 μM) for different times in a 5% CO2, humidified incubator at
37 °C. A positive control for T cell activation was performed using Con A (2 μg/
ml; Sigma). To avoid unspecific background staining, samples were suspended
and incubated for 30 min at 4 °C in 50 μl of PBS, containing 0.1% sodium azide,
10% mouse serum and FcγIIR block monoclonal antibodies. Samples were then
incubated in the presence of FITC-conjugated anti-CD3 paired with PE-
conjugated anti-CD69 antibody (BD Pharmigen, San Diego, CA) diluted in PBS
containing 10% fetal bovine serum (FBS; Cultilab, SP, Brazil) for 30 min at
4 °C. After labeling, samples were washed and suspended in PBS/azide (0.1%)
for analysis in a FACScalibur (Becton and Dickinson, USA). Lymphocyte
gating was performed based on the FSC/SSC light scattering and staining with
anti-CD3 antibody. Data were acquired in a mode of 10,000-gated events, and
analyzed with Win MDI software.
2.5. Immunocytochemistry and cytochemistry assays
Human T lymphocytes (1×106 cells/ml) were incubated with Fl (1 μM), Kr
(1 μM) or Ech (1 μM) for 5 min at 37 °C. Cells were then centrifuged at
550 rpm and fixed with PBS containing 4% paraformaldehyde and 4% sucrose
for 20 min at room temperature. Cells were permeabilized in PBS containing
0.1% Triton X-100 for 5 min, washed with PBS and incubated with biotin-
conjugated anti-phosphotyrosine antibody (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA) overnight at 4 °C. Subsequently, cells were incubated with
streptavidin-conjugated FITC (1:50; Caltag Laboratories, Burlingame, CA) for
1 h at room temperature. To evaluate the effect of RGD-disintegrins on actin
cytoskeleton network, cells were also labeled with TRITC-labeled phalloidin
(1:1000; Sigma) for 2 h at room temperature. Coverslips were mounted on slide
using a solution of 20 mM N-propylgallate and 20% glycerol in PBS.
Fig. 1. RGD-disintegrins induce CD69 expression. Cells (1×106 cells/well)
were incubated in the absence (control; C) or in the presence of Fl (1 μM), Kr
(1 μM) or Ech (1 μM) for 24 h and cell phenotype was analyzed by flow
cytometry. Con A (2 μg/ml) was used as positive control. Dot plot shows the
staining profile of CD69 expression on the CD3+ cells. The percentages of
CD3+CD69+ cells, representative of three independent experiments, are
shown. Data show mean±SD of fluorescence intensity (MFI) from three
independent experiments. *p<0.05 compared to control values.
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microscope (Olympus BX40, Tokyo, Japan) equipped with appropriate filters
and using 100× oil-immersion objectives. Image capturing was performed with
a CCCD camera (Photometrics, Tucson, AR) and all images were captured
using identical camera settings, as time of exposure, brightness, contrast and
sharpness, and an appropriated white balance set according to the fluorescence
filter. Fluorescence intensity from original images was analyzed by Image-Pro
Plus 4.0 (Media Cybernetics) and gray images were taken using Adobe
Photoshop software.
2.6. Immunoprecipitation
Human T lymphocytes (5×106 cells/ml) were incubated with Fl (1 μM), Kr
(1 μM) or Ech (1 μM) for 5 min at 37 °C in a 5% CO2 atmosphere. Cells were
lysed in 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1.5 mM
EDTA, 1% Triton X-100, 10% glycerol, 10 μg/μl aprotinin, 10 μg/μl leupeptin,
2 μg/μl pepstatin, and 1 mM PMSF. The lysates (2 μg/μl) were incubated
overnight at 4 °C with anti-FAK antibody (1:200; Santa Cruz Biotechnology).
Then, protein A/G-agarose (20 μl/mg protein; Santa Cruz Biotechnology) was
added and the samples were incubated at 4 °C under rotation for 2 h. The content
of phosphorylated FAK and PI3K associated to FAK was analyzed by Western
blotting as subsequently described.
2.7. Preparation of cellular extracts
For the analysis of c-Fos expression, human T lymphocytes (5×106
cells/ml) were incubated with Fl (1 μM), Kr (1 μM) or Ech (1 μM) for 4 h at
37 °C in a 5% CO2 atmosphere. In some experiments, cells were pre-
incubated in the presence or absence of LY294002 (3 μM; Calbiochem, La
Jolla, CA) or PD98059 (10 μM; Calbiochem) for 10 min. To obtain the
whole-cell extracts, cells were lysed in 50 mM HEPES, pH 6.4, 1 mM MgCl2,
10 mM EDTA, 1% Triton X-100, 1 μg/ml DNase, 0.5 μg/ml RNase 10 μg/μl
aprotinin, 10 μg/μl leupeptin, 2 μg/μl pepstatin, and 1 mM PMSF.
Immunoblotting for c-Fos was performed as described below. For the analysis
of NF-κB nuclear translocation, human T lymphocytes (5×106 cells/ml) were
incubated with Fl (1 μM), Kr (1 μM) or Ech (1 μM) for 90 min at 37 °C in a
5% CO2 atmosphere. In a set of experiments, cells were pre-incubated in the
presence or absence of LY294002 (3 μM; Calbiochem) for 10 min. Cells were
lysed in ice-cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiotreitol, and 0.5 mM PMSF) and after
15 min of incubation on ice, NP-40 was added to a final concentration of
0.5% (v/v). Nuclei were collected by centrifugation (12,000×g; 5 min at 4 °C).
Nuclear pellet was suspended in ice-cold buffer C (20 mM HEPES, pH 7.9,
400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiotreitol, 1 mM PMSF,
1 μg/ml pepstatin, 1 μg/ml leupeptin, and 20% (v/v) glycerol and incubated
for 30 min. Nuclear proteins were collected in supernatant after centrifugation
(12,000×g; 10 min at 4 °C).
2.8. Immunoblotting analysis
Lysates (30 μg) were resolved by 12% SDS-PAGE and proteins
transferred to polyvinylidene difluoride filters (PVDF Hybond-P, Amersham
Biosciences). Rainbow markers (Amersham Biosciences) were run in parallel
to estimate molecular weights. Membranes were blocked with Tween-TBS
(20 mM Tris–HCl, pH 7.5, 500 mM NaCl, 0.1% Tween-20) containing 1%
bovine serum albumin. Primary antibodies used in Western analysis were
monoclonal anti-phosphotyrosine (1:200; Santa Cruz Biotechnology); poly-
clonal anti-FAK (1:1000; Santa Cruz Biotechnology); polyclonal anti-PI3K
p85 subunit (1:1000; Santa Cruz Biotechnology), polyclonal anti-NF-κB p65
subunit (1:1000; Santa Cruz Biotechnology), polyclonal anti-c-Fos (1:1000;
Santa Cruz Biotechnology), polyclonal anti-histone (1:1000; Santa Cruz
Biotechnology). The PVDF filters were next washed three times with Tween-
TBS, followed by 1 h incubation with appropriate secondary antibody
conjugated to biotin (1:1000; Santa Cruz Biotechnology). Then, the filters
were incubated with streptavidin-conjugated horseradish peroxidase (1:1000;
Caltag Laboratories, Burlingame, CA). Immunoreactive proteins were
visualized by 3,3′-diaminobenzidine (Sigma) staining. The bands werequantified by densitometry, using Scion Image Software (Scion Co, Frederick,
Maryland, USA).
2.9. Statistical analysis
Statistical significance was assessed by ANOVA followed by Bonferroni's t-
test, and p<0.05 was taken as statistically significant.3. Results
3.1. RGD-disintegrins increase CD69 expression on T cells
The up-regulation of CD69 on cell surface is an early marker
of lymphocyte activation [27]. In order to evaluate the effect of
RGD-disintegrins on human T-lymphocytes, the expression of
CD69 was determined by flow cytometry on CD3+ T cells,
incubated with 1 μM of Fl, Kr or Ech for 24 h. Con A, used as a
positive activating stimulus, induced a great increase in the
number of CD3+/CD69+ cells (Fig. 1A). ConA also intensified
(3-fold augment compared to controls) the mean fluorescence
Fig. 2. Effect of RGD-disintegrins on human T lymphocyte proliferation. Cells
(2.5×105 cells/well) were incubated with Fl (1 μM), Kr (1 μM) or Ech (1 μM)
and allowed to proliferate for 96 h. Human lymphocytes were also incubated
with Fl (1 μM), Kr (1 μM) or Ech (1 μM) in the presence of 2 μg/ml of
Concanavlin A (Con A)—insert panel. The proliferative rate was evaluated as
total counts per minute (cpm) of incorporated [3H]-thymidine. Results are
expressed as means±SD of total counts per minute (cpm) of three experiments
performed in triplicate. *p<0.05 compared to control values. #p<0.05 compared
to group treated with Con A.
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(Fig. 1B) and decreases throughout (data no shown). Treatment
of T cells with the disintegrins for 24 h also increased theFig. 3. RGD-disintegrins induce actin cytoskeleton polymerization (A) and tyrosine p
Fl (1 μM), Kr (1 μM) or Ech (1 μM) for 5 min at 37 °C. (A) Dynamic of actin cytoske
cells labeled with anti-phosphotyrosine. The intensity of fluorescence from digital i
Graphics show means±SD from three independent experiments. *p<0.05 comparednumber of CD69+ cells, although they were less potent than
Con A (Fig. 1A). However, despite the augment in number of
CD69+ cells was not as much expressive as ConA, a com-
parable and significant increase in the intensity of CD69
expression (MFI) was observed in CD3+ cells incubated with Fl
(2-fold increase compared to controls), Kr (3-fold) and Ech
(3-fold) (Fig. 2B). After 72 h of incubation with the peptides,
similar to ConA, CD69 expression decreased (50%) in T
lymphocytes (data not shown).
3.2. Effects of RGD-disintegrins on lymphocyte proliferation
To evaluate the effects of RGD-disintegrins on lymphocyte
functions, primary human T cells were stimulated with Fl, Kr or
Ech and T cell proliferation was assessed by [3H]-thymidine
incorporation. The three peptides were able to activate the
proliferative response of human blood lymphocytes. Fig. 2
shows that Fl, an α5β1-ligand, induced 1.7-fold increase in cell
proliferation, while the lymphoproliferative response after
treatment with Ech, that binds to α5β1 and αvβ3, increased in
about 2.1-fold. Kr, binding selectively to αvβ3, showed a higher
capacity to induce T lymphocyte proliferation, in an order of 2.9-
fold (Fig. 1). The effect of these disintegrins on T-cell
proliferation is significantly lower than that of ConA (Fig. 2—hosphorylation (B). Cells were incubated in the absence (C) or in the presence of
leton in cells stained with TRITC-phalloidin for. (B) Phosphotyrosine content in
mages was analyzed, quantified and were represented as arbitrary units (A.U.).
to control values.
Fig. 4. RGD-disintegrins induce FAK activation and PI3-K association to FAK.
(A) T lymphocytes were incubated with Fl (1 μM), Kr (1 μM) or Ech (1 μM) for
5 min at 37 °C. Lysates were immunoprecipitated with anti-FAK antibody were
blotted with either anti-phosphotyrosine or anti-FAK antibodies. (B) Immuno-
precipitated of FAK antibody and were blotted with anti-FAK or anti-PI3K p85
subunit antibodies. Blots were analyzed by densitometry and the content of FAK
phosphorylate (A: p-FAK) or PI3K associated to FAK (B: PI3-K p85) were
expressed in arbitrary units (A.U.). Data showmean±SD from three independent
experiments. *p<0.05 compared to cells incubated with medium alone (C).
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stimulation with ConA considerably change the pattern of res-
ponse to this mitogen. Fl seems to act cooperatively with ConA
increasing in about 23% its effect, and Ech pre-treatment inhibit
in 19% ConA-induced proliferation (Fig. 2—insert) Kr did not
affect the mitogenic effect of ConA. The results may indicate
that RGD-disintegrins may differently promote T cell activation
through their engagement with specific integrin receptors.
3.3. Effects of RGD-disintegrins on actin cytoskeleton
rearrangement and tyrosine phosphorylation
The cytoskeleton plays an important role in T cell signaling
and formation of the immunological synapse and has been
reviewed in detail elsewhere [28]. Recently, we have
demonstrated that distinct disintegrins are able to interfere
with different functions of human neutrophils by regulating
actin cytoskeleton reorganization [21–24]. Hence, we exam-
ined whether RGD-disintegrins could modulate T cell actin
cytoskeleton rearrangement using rhodamine–phalloidin as an
indicator of actin filament (F-actin) content. Fig. 3A shows
that a significant increase in F-actin staining was observed in
human T lymphocytes treated with Fl (156%), Kr (70%) or
Ech (45%) when compared to control cells (a). Another
characteristic and essential feature of integrin receptor
activations is the activation of tyrosine kinase pathways. Fig.
3B shows that Fl, Kr or Ech induced an increase of tyrosine
phosphorylation in T lymphocytes when compared to control
cells (a). This effect was more intense in Fl-treated that shows
an increase of 6.2-fold in the phosphoproteins content when
compared to Kr- and Ech-treated T lymphocytes (3.8- and 3.4-
fold, respectively).
3.4. Effects of RGD-disintegrins on activation of FAK and
PI3K
The focal adhesion kinase activation is a hallmark during
integrin activation. Aggregation of FAK with integrins and
cytoskeleton proteins in focal contacts has been proposed to be
responsible for FAK activation and autophosphorylation by
integrins in cell adhesion [10,11]. After activation, FAK
provides a docking site to PI3K, which is implicated in many
aspects of T cell activity [29]. Once that FAK activation is
related to its phosphorylation state, we investigated whether
RGD-disintegrins would be able to induce FAK autopho-
sphorylation. Human T lymphocytes were stimulated with Fl,
Kr or Ech before FAK immunoprecipitation for tyrosine
phosphorylation analysis. Fig. 4A shows that phosphorylation
state of FAK after RGD-disintegrins treatment was significantly
increased in comparison with control cells. The tyrosine
phosphorylation of FAK generates docking sites for several
proteins containing Src homology 2 (SH2) domains, as the p85
regulatory subunit of PI3K [30]. Activation of PI3K was
directly evaluated by its p85 subunit association with FAK in
cells treated with disintegrins. Fig. 4B shows that all three
disintegrins induced increase of the association of PI3K p85
subunit with FAK.3.5. Effects of RGD-disintegrins on NF-κB activity and c-Fos
expression
NF-κB and AP-1 have been identified as transcription
factors leading to antigen-independent stimulation through
activation of integrin receptors [5,31]. Here, we investigated
whether RGD-disintegrins binding to integrins would be able
to induce nuclear translocation of NF-κB and c-Fos expression
in T lymphocytes. Fig. 5A shows that after 90 min incubation
with medium alone, NF-κB could be slightly detected in
Fig. 5. RGD-disintegrins induce NF-κB nuclear translocation and c-Fos
expression. (A) Cells were pre-incubated in the presence or absence of
LY294002 (3 μM) for 10 min followed by incubation with Fl (1 μM), Kr (1 μM)
or Ech (1 μM) for 90 min. The nuclear content of NF-κB was determined by
immunoblotting using an anti-NF-κB p65 subunit antibody. Blots were analyzed
by densitometry and the content of NF-κB in nuclear extracts was expressed in
arbitrary units. Data show mean±SD from three independent experiments.
*p<0.05 compared to cells incubated with medium alone (C). #p<0.05
compared to cells incubated with disintegrin. (B) Cells were pre-incubated in the
presence or absence of LY294002 (3 μM) or PD98059 (10 μM) for 10 min
followed by incubation with Fl (1 μM), Kr (1 μM) or Ech (1 μM) for 4 h. The
total c-Fos content was determined by immunoblotting using an anti-c-Fos
antibody. Blots were analyzed by densitometry and the content of c-Fos in
cellular extracts was expressed in arbitrary units. Data show a representative blot
from three independent experiments. *p<0.05 compared to cells incubated with
medium alone. #p<0.05 compared to cells incubated with disintegrin.
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significant increase in nuclear translocation of NF-κB was
observed for Fl, whereas Kr and Ech showed much less
activity in this assay (Fig. 5A). In order to investigate the
dependence on PI3K pathway in the effects of disintegrins on
nuclear translocation of NF-κB, cells were treated with 3 μM
LY294002, a specific PI3K inhibitor. As shown in Fig. 5A,
LY294002 completely inhibited NF-κB nuclear translocation
induced by Fl, Kr, and Ech, indicating that PI3K is required
for activation of this nuclear factor. Fig. 5B shows that Fl, Kr
and Ech induced a significant c-Fos expression in T cells as
compared to control cells. We also decided to investigate the
involvement of PI-3 kinase and ERK1/2 pathways in the c-Fos
expression. When LY294002 was used, we observed a partial
inhibition of Fl- and Kr-induced c-Fos expression, in contrast
to full inhibition in Ech-treated cells (Fig. 5B). Furthermore,
PD98059 treatment abrogated disintegrins-induced c-Fos
expression (Fig. 5B).
4. Discussion
In circulating lymphocytes, the integrins bind minimally to
their ligands, but their adhesive capacity can be increased by
stimulation of intracellular signaling pathways, for example
by chemokines and bacterial peptides, triggering of the T cell
receptor complex (inside-out signaling) [1,35,36]. However,
since integrins can cooperate with other receptors, it has been
difficult to determine the exact role of the direct integrin
engagement (outside-in signaling) on lymphocyte activation.
Integrins are recognized as essential receptors for T
lymphocyte function, and participate in diverse processes
including proliferation, activation, target cell lysis, and
migration into tissues. Given prior evidence that α5β1 and
αvβ3 integrins, are constitutively expressed in T cells [4] and
could be involved in T cell recognition and migration
[35,36], it is important to identify and explore their roles in
lymphocyte.
In the disintegrins, the integrin-binding loop containing the
RGD motif is implicated in their selectivity for integrin
receptors and, because of that, these peptides are considered
powerful tools to study integrin-mediated cell functions [19–
26,34]. Recent findings have shown that the disintegrins,
though firstly characterized as integrin antagonists, can trigger
integrin-mediated signaling pathways, and interfere or modulate
integrin-related cell functions [20–25]. We are showing herein
that RGD-disintegrins, which directly bind to α5β1 and (or) to
αvβ3, activate integrin-coupled signaling and induce prolifera-
tion of T cells.
Fl has been shown to bind with high affinity to α5β1
integrins, inhibiting cell adhesion to fibronectin [32]. Kr is a
selective ligand of αvβ3, and blocks cell adhesion to vitronectin
[32]. Finally, Ech binds with different affinities to both
integrins, α5β1 and αvβ3 [32,33]. The three peptides are able
to activate human T cells in vitro, increasing the expression of
the early activation marker, CD69, on cell surface. Up-
regulation of CD69 expression on T lymphocytes is usually
followed by cell proliferation and an increase in secretion of IL-
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cell proliferation, suggesting that α5β1 and αvβ3 integrins may
modulate T cell activity, probably through a cross talk with
other membrane receptors, as the TCR itself [37]. However,
depending on integrin involved, the further response of T cells
to a given mitogen can be significantly altered. Fl, binding to
α5β1, seems to act cooperatively with ConA increasing the
proliferative response to this mitogen. On the other hand, Kr,
which showed the greater proliferative effect among the three
peptides, did not interfere with ConA, suggesting a different
role for αvβ3 in modulating T cell responses. Finally, Ech, that
binds with less affinity to α5β1 and also to αvβ3 partially
inhibited the proliferate effect of ConA. These results suggested
that each integrin ligand may be differentially activating
integrin signaling, interfering with T cell responses.
Integrin activation induce the assembly of actin filaments
and higher-order structures, which are mediated by pathways
involving guanine nucleotide exchange factors and phosphoi-
nositides as well as actin-binding proteins that physically link
integrins to actin filaments [10]. During T cell migration and
activation, redistribution of integrins, signaling proteins, and
the secretory apparatus is driven by the actin cytoskeleton
[28]. We previously demonstrated that disintegrins induce
rearrangement of the actin cytoskeleton and profound increase
in tyrosine phosphorylation of several cellular proteins in
human neutrophil, affecting migration and survival [20–24].
We are showing that RGD-disintegrins induce profound
alterations in the actin network in T lymphocytes, increasing
F-actin. These alterations were also accompanied by activation
of protein tyrosine kinases, as demonstrated by an increase in
phosphotyrosine content in lymphocytes treated with disin-
tegrins. It is well established that simple dimerization of
integrins is dependent on cytoskeleton and is sufficient to
initiate tyrosine phosphorylation events, which has been
accomplished with cross-linked anti-integrin antibodies [38]
and soluble integrin ligands [39]. Our results demonstrate that
the interaction of RGD-disintegrins with α5β1 and αvβ3
integrins mediates cytoskeletal rearrangement and results in
the activation tyrosine kinases pathways in T cell. Interest-
ingly, Fl, that binds only to α5β1, presented a greater effect
than the αvβ3 ligands (Fig. 3).
FAK plays an important role in mediating integrin-
dependent cell survival, cell-cycle regulation, and cell
migration [11,12]. After integrin engagement, FAK auto-
phosphorylation and activation results in assembly of signal-
ing complexes downstream of integrins [11,12]. At the focal
contacts FAK act as a docking protein that recruits PI3K, and
the association to FAK promotes PI3K activation [30]. It was
recently demonstrated that disintegrins binding to integrin can
stimulate FAK activity in neutrophils and tumor cells [20–24].
The present study shows that RGD-disintegrins induce FAK
phosphorylation and PI3K association to FAK in T lympho-
cytes. Interestingly, although the ability of Fl to induce FAK
phosphorylation was lower than Ech, it promoted a higher
association of PI3K to FAK, similar to Kr. The multiple
physical associations of FAK with other signaling molecules
have been described to occur on distinct domains at differentphospho-tyrosine residues [11]. Our data suggest that in Fl-
and Kr- treated cells, additional tyrosine residues may be
phosphorylated in FAK, allowing the association of PI3K
trough its SH2 domain. Signaling via PI3K regulates a vast
array of fundamental cellular responses, including immune
cell proliferation, survival, and differentiation [40]. Many
studies using primary human and mouse T cells have clearly
established a role for PI3K in TCR-dependent proliferation,
IL-2 production, and integrin-mediated adhesion [40–42]. A
recent report demonstrated that, in viable gene-target mice
lacking the p110 catalytic subunit of PI3K, T cells showed
impaired proliferation in response to anti-CD3 and Con A
stimulation and produced lower amounts of IL-2 and
interferon (IFN)-γ [43]. Then, the different capacity of each
peptide in activate PI3K may be related to their singular effect
on lymphocyte proliferation.
During T cell activation, NF-κB and AP-1 activities
modulate survival and proliferation of normal T cells [14–
16]. We demonstrated that RGD-disintegrins activate the NF-
κB pathway, as accessed through its nuclear translocation,
which was blocked by a specific inhibitor of PI3K. Clearly,
PI3K is an important molecule in integrin signaling as well as
in mitogenic stimulus in human T lymphocytes and it seems
to be required for NF-κB activation. Noteworthy, Fl showed a
potent effect in induce NFκB nuclear translocation, suggesting
that α5β1 activation could be up-modulating the lymphocyte
responses to a further TCR stimulus, as observed for ConA
(Fig. 2—insert).
The engagement of TCR/CD3 complex is known to induce
ERK1/2 activation in a PI3K-dependent manner, modulating
the expression and stability of c-Fos [44]. The RGD-
disintegrins induced the immediate early gene product c-Fos,
a component of the AP-1 transcriptional complex. Targeted
pharmacological inhibition of PI3K and ERK1/2 provides
evidence that these pathways are involved in the induction of
c-Fos expression after integrin stimulation. The up-regulation
of NF-κB activation and c-Fos expression observed following
stimulation by RGD-disintegrins suggests that integrins
activate multiple downstream signaling events that regulate
T-cell proliferation.
Although the avidity and the redistribution of integrins on
cell surface could be modulate by TCR signaling, the
contribution of integrin-mediated signals to cell activation is
not well understood. Effective T-cell costimulation may occur
through integrins in the absence of CD28, implying an
important role for integrin-associated signals in T-cell activation
[28,29,43]. β1 and β3 integrins can sense changes in the
extracellular environment when T cells leave the vasculature
and enter secondary lymphoid organs or inflamed tissues [45].
However, the existence of costimulation-dependent checkpoints
in T cell signal transduction is not quite clear, while some
costimuli lead to proliferation and cytokine secretion and others
to programmed cell death. Our data contribute to a better
understanding of the role of α5β1 and αvβ3 integrins in T cells,
indicating that binding of specific ligands can modify dif-
ferentially the status of integrin activation, and interfere with
lymphocyte responses.
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